Abstract. Geographical variations in stroke incidence and case-fatality have been documented worldwide. This study examines whether there are spatio-temporal variations in stroke incidence and case-fatality in Hong Kong and attempts to determine to what extent socioeconomic status (SES) and healthcare provision account for these variations. Residence-based hospital discharge data from the Hospital Authority (HA) in Hong Kong were geo-referenced and used to examine incidence rates and case-fatality rates by stroke subtype among the population aged 35 years and above in 1999-2007. Multilevel models were used to examine the spatio-temporal variations. Ischemic stroke incidence was found to decrease among those aged above 55 years, while hemorrhagic stroke incidence increased. Ischemic stroke case-fatality was found to decrease but hemorrhagic stroke case-fatality remained stable. For both subtypes, there were significant variations in stroke incidence and case-fatality across the districts of residence, but insignificant variations across HA service clusters. Only variations in ischemic stroke incidence and hemorrhagic stroke case-fatality at the district level could be partly explained by district-level SES. Identification of districts with higher risk for stroke incidence and case-fatality would help to formulate enhanced preventive measures. Future studies are needed to identify factors that contribute to the geographical variations.
Introduction
Worldwide evidence shows that there are geographical variations in stroke incidence and case-fatality (Feigin et al., 2003; Ovary et al., 2004; El-Saed et al., 2008; Havulinna et al., 2008; Allen et al., 2010) . Researchers have attempted to explain these geographical variations in terms of variations in socioeconomic status (SES) (Chang et al., 2002; Brown et al., 2005; Lisabeth et al., 2006; Thrift et al., 2006) and stroke risk factors (Engstrom et al., 2001; Lawlor et al., 2003; Morris et al., 2003; Voeks et al., 2008; Maheswaran et al., 2010) . A historical study has explained the geographical variations in stroke incidence in China in terms of stroke risk factors (He et al., 1995) but recent epidemiological studies conducted in the Chinese population are lacking. Although variations of stroke incidence in three large Chinese cities have been studied in the last few years, the main objective was to demonstrate the effect of communitybased intervention measures (Jiang et al., 2006; Wang et al., 2007) .
Hong Kong, a major Asian city located on the south-eastern coast of China with a population of 7 million, has about 2% prevalence of stroke among the population aged 35 years and above as reported by the Department of Health, Hong Kong Special Administrative Region (SAR) Government and Department of Community Medicine, The University of Hong Kong (2005) and stroke is the fourth leading cause of mortality (Hospital Authority, 2010) . Different trends in hemorrhagic stroke incidence and ischemic stroke incidence have been documented during the period 1999-2007 (Chau et al., 2011) . However, few studies have focused on spatial and temporal patterns of stroke incidence and case-fatality in Hong Kong. Using historical mortality registration data from 1970s to the mid 1990s, Lloyd et al. (1996) documented spatial and temporal patterns of stroke mortality, but without attempting to explain the variations.
It is uncertain whether the geographical variations are related to the provision of health services or to other characteristics of the area of residence. In Hong Kong, the territory is divided into four distinctive areas: the New Territories, Kowloon, Hong Kong Island and the outlying islands. Within these main areas, there are 18 administrative District Councils (DC). The demographic and socioeconomic profiles vary across districts (Census and Statistics Department, Hong Kong SAR Government, 2007) . Since 2002, the hospitals and institutions run by the Hong Kong Hospital Authority (HA) have been grouped into seven geographical clusters (HA clusters) for local healthcare planning, financing and service delivery.
This study is the first examining recent spatio-temporal variations in incidence and case-fatality of stroke in Hong Kong, with an attempt to explain the spatial variations in terms of socioeconomic characteristics and healthcare provisions.
Materials and methods

Data
Data were obtained from the Clinical Management System database of HA to examine the incidence and case-fatality rates by stroke subtype among the Hong Kong population aged 35 years and above for the period of 1 January 1999 to 31 December 2007. Information on age, sex, district of residence, managing hospital, principal diagnosis, and dates of admission, discharge and death were extracted from the database. Details of the database have been presented elsewhere (Chau et al., 2011) . Ethics approval was obtained from the ethical committees of The Chinese University of Hong Kong.
A stroke episode was defined as a hospital admission with a principal diagnosis of stroke (International Classification of Diseases, 9 th version (ICD-9), codes 430 to 438). In case of previous hospitalization, the episode would be counted as separate only if it occurred >30 days after the previous discharge from the hospital. For the purpose of this study, incidence was defined as stroke hospitalization episodes and case-fatality was defined as death of the patient within 30 days of hospitalization. For subtype analysis, hemorrhagic stroke was defined by ICD-9 codes 431 and 432, and ischemic stroke by ICD-9 codes 433, 434, 436 and 437 in the principal diagnoses of the first admission within an episode. The patients were classified into six age groups: 35-44, 45-54, 55-64, 65-74, 75-84 and ≥85 years. Three time periods, defined by the year of hospital admission (1999-2001, 2002-2004 and 2005-2007) , were used in the analyses. Stroke episodes in the database were geo-coded into DC districts and HA clusters according to the patients' district of residence and the hospital they were admitted to, respectively.
Statistical analysis
For hemorrhagic stroke and ischemic stroke, agestandardized stroke incidence rates and case-fatality rates were calculated for the 18 DC districts over the three periods, with the Hong Kong population and the total number of stroke cases as the standard populations, respectively. Maps were produced using ArcMap, 9.2 (ESRI, Redlands, CA, USA) for graphical illustration.
As there are two spatial classifications for the same stroke episode, namely district-level and cluster-level, cross classification models were adopted (Goldstein, 2003) . Poisson link and logistic link were used to model the spatio-temporal variations in stroke incidence and case-fatality, respectively. The models were run for two stroke subtypes (hemorrhagic and ischemic) separately. The model for the stroke incidence was: (lm) where y ijk(lm) denotes the number of stroke cases of the i-th age-group, j-th gender, k-th period, l-th DC district and m-th HA cluster; and the offset variable n ijk (l) is the population of the i-th age-group, j-th gender, kth period and l-th DC district obtained from the Hong Kong Census and Statistics Department. Level 1 random structure was defined by the independently distributed variables e ijk(lm) and level 2 variations were resulted from the sum of random variables u 1l (random effect for DC district) and u 2m (random effect for HA cluster). Λ ijk(lm) denotes the vector of fixed effects, which were all categorical variables, to be examined. Similarly, the model for the stroke case-fatality was:
where p ijk(lm) denotes the probability of death within 30 days of hospitalization of the i-th age-group, j-th gender, k-th period, l-th DC district and m-th HA cluster.
Other notations were the same as the Poisson model. Individual-level fixed effects to be examined included age group, sex, period, as well as the interactions
P.H. Chau et al. -Geospatial Health 6(1), 2011, pp. 13-20 Fig. 1. Age-standardized stroke incidence rates by DC districts in Hong Kong, breakdown by stroke subtype and time period.
between age and sex, age and period, and sex and period. If significant district-level variations would be observed, district-level fixed effects -SES characteristics and primary care provision of the district-would be examined to explain the variations. The two profiles were differentiated depending on whether the median household income of the district was in the upper quartile (i.e. >HK$ 20,000) and whether the number of public primary care clinics per 100,000 population in that district was above the mean of that in Hong Kong as a whole (i.e. 1.08 per 100,000 population), using the year 2006 as reference. Since the SES indicator of educational level was highly correlated with that of income, only the household income was included as SES indicator. If there were significant cluster-level variations, explanations would be attempted by examining the public hospital resources of the HA clusters, by using the following indicators: (i) whether or not the medical doctors-to-population ratio was above the local mean (i.e. 0.70 per 1,000 population); (ii) whether or not beds-to-population ratio was above the local mean (i.e. 3.96 per 1,000 population); (iii) whether or not >40% of stroke patients were treated in acute stroke units; and (iv) whether or not >80% of stroke patients had received a CT scan, again using the year 2006 as reference. Data analysis was performed with SAS, Release 9.2 (SAS Institute, Inc, Cary, NC, USA) and the multilevel models with the PROC GLIMMIX procedure. A significance level of 0.05 was used in all analyses.
Results
Spatial and temporal patterns
From 1999 to 2007, 26,888 hemorrhagic stroke episodes and 108,436 ischemic stroke episodes were identified from the HA database in Hong Kong, where 97.8% of the hemorrhagic stroke and 99.3% of the ischemic stroke cases were geo-referenced. Fig. 1 and Fig. 2 show the geographic distribution of age-standardized stroke incidence and stroke case-fatality across the three time periods, respectively. Analysed by district, increasing number of districts with high hemorrhagic stroke incidence was found, while the number of districts with a high ischemic stroke incidence decreased. Meanwhile, the number of districts with high case-fatalities of both hemorrhagic and ischemic strokes decreased.
For hemorrhagic stroke, high incidence rates were seen to spread out over time from the central part of Hong Kong to other districts in the New Territories. For ischemic stroke, high incidence rates spread over the entire territory in 1999-2001, but clustered in the northern part in [2005] [2006] [2007] . With regard to the casefatalities (for both stroke subtypes), high rates clustered in most parts of Kowloon and the north-western parts of the New Territories across the three time periods.
Multilevel models for incidence and case-fatality
The cross classification models (with random effects only) showed that there were insignificant variations in stroke incidence and case-fatality at the HA-cluster level (P = 0.446 and P = 0.557 for hemorrhagic and ischemic stroke incidence, respectively; P = 0.143 and P = 0.218 for hemorrhagic and ischemic stroke casefatality, respectively), which was then removed from the models. On the other hand, significant district variations in stroke incidence (P = 0.005 for hemorrhagic; P = 0.004 for ischemic) and case-fatality (P = 0.015 for hemorrhagic; P = 0.007 for ischemic) were observed. Hence, district-level indicators of household income and primary care availability were added to the models. Meanwhile, individual-level explanatory variables were also added.
Spatial variations in hemorrhagic stroke case-fatality and ischemic stroke incidence could be partly explained by district-level SES "proxied" by household income indicator (P = 0.009 and P = 0.002, respectively), where districts with lower household income were associated with higher rates. However, district-level SES could not explain the spatial variations in hemorrhagic stroke incidence (P = 0.136) and ischemic stroke case-fatality (P = 0.330). Meanwhile, district-level primary care provision could not explain both the incidence (P = 0.889 for hemorrhagic; P = 0.177 for ischemic) and the case-fatality (P = 0.249 for hemorrhagic; P = 0.116 for ischemic) of both subtypes.
At the individual level, stroke incidence (both subtypes) was found to be associated with both age and sex (interaction: P <0.0001). This was also observed for ischemic stroke case-fatality (interaction: P = 0.023). Hemorrhagic and ischemic stroke incidence increased with age. Females had lower hemorrhagic stroke incidence than males, with sex effect smaller for older age groups; whereas females had lower ischemic stroke incidence than males up to the age of 85 years. Ischemic stroke case-fatality increased with age, women aged 75 years and above had higher case-fatality than men. On the other hand, higher hemorrhagic stroke case-fatality was associated with increasing age (P <0.0001), but there were insignificant age-sex interactions (P = 0.066) and sex difference (P = 0.435).
The incidence of hemorrhagic stroke increased in 2002-2004 and 2005-2007 compared with 1999-2001 , with magnitude depending on the age group (interaction: P <0.0001). Ischemic stroke incidence trends were found to be dependent on age (interaction: P <0.0001) and sex (interaction: P = 0.005). Ischemic stroke incidence decreased among those aged above 55 years in 2002-2004 and 2005-2007 as compared with 1999-2001 , but was stable among those aged 35-54 years. While ischemic stroke case-fatality decreased in 2002-2004 and 2005-2007 compared with 1999-2001 , with magnitude being independent of age group and sex, hemorrhagic stroke case-fatality did not show significant trends.
To avoid over-fitting the models, the principle of parsimony was applied. That is, all insignificant factors and interaction terms were removed from the models. Based on the final model, Table 1 summarises the spatial variations across districts. SES could only explain 37% of the district variations in ischemic stroke incidence and 35% of district variations in hemorrhagic stroke case-fatality.
Discussion
The geographical variations in stroke incidence and case-fatality analyzed according to service provision clusters were insignificant, although an association between healthcare provisions and health disparities has been documented (Weisz et al., 2008) . For stroke incidence, this is not surprising since the occurrence of stroke events is unlikely to be related to the availability of stroke care facilities or treatments. For casefatality, the results suggest that any variation in healthcare provisions may not always result in geographic variations in health outcomes. Furthermore, severity of stroke may largely determine the case-fatality irrespective of the quality or quantity of healthcare provision.
By contrast, individual lifestyle and socioeconomic position have been considered as having greater impact on health outcome (Woo et al., 2010) . Our findings showed that 37% of the variations in ischemic stroke incidence at the district level could be explained by district-level SES. This agrees with previous studies showing that higher stroke incidence was associated with districts of lower SES (Chang et al., 2002; Brown et al., 2005; Lisabeth et al., 2006; Thrift et al., 2006) , where health literacy may be inadequate and financial resources limited. However, district variations in hemorrhagic stroke incidence and ischemic stroke case-fatality could not be explained by SES. Even for ischemic stroke incidence and hemorrhagic stroke case-fatality, the proportion of district variations explained by SES was not large (>40%). The findings suggest that factors other than SES, such as air pollution, living environment and psychological stress, may contribute directly to the district variations in stroke incidence and case-fatality, as well as to their risk factors (such as smoking, hypertension, overweight) independent of SES.
Identification of high-risk districts may help inform public health policy to prioritize intervention strategies to these communities. Possible risk factors other than SES that contribute to the high-risk districts may include air quality or psychological stress arising from living in very crowded environments. For example, Yau Tsim Mong (located in western Kowloon) was found to have significantly higher case-fatality for both stroke subtypes and higher hemorrhagic stroke incidence than the local average. Besides low household income, as suggested by the multilevel models, one of the possible explanations included serious roadside air pollution in this district as reported by Civic Exchange (2010). As air pollution has been found to be associated with survival after stroke (Maheswaran et al., 2010) , stroke mortality (Hu et al., 2000) and stroke hospital admissions (Oudin et al., 2010) , improvement in air quality might help reducing case-fatality and incidence. Moreover, stress may be associated with higher risk of fatal stroke events (Trueslen et al., 2003) . Yau Tsim Mong is one of the most densely populated districts in Hong Kong, where the urban living environment is not only crowded but also busy adding extra strain. Those living in highdensity urban districts tend to suffer from more environmental nuisances and psychological stress (Chan and Lee, 2009 ). Increasing green space may help reducing stress levels (Woo et al., 2009 ) and this may have a beneficial effect on blood pressure, which is a major risk factor for stroke occurrence, particularly for haemorrhagic stroke. Since hemorrhagic stroke is more likely to be fatal, the role of increasing green space may be explained by a larger reduction in hemorrhagic than ischemic stroke, and hence result in reduction in the overall stroke fatality rate.
There was no clear consistent pattern among the 18 districts with respect to significantly lower-than-average incidence and case-fatality for both stroke subtypes. The Islands district (mainly the south-western islands and other remote islands) had lower stroke incidence for both subtypes, which may be attributable to the more relaxed lifestyle in this district. Kwun Tong (located in eastern Kowloon) had lower casefatality for both subtypes, but the reason for this is uncertain.
As this study was based on secondary data analysis, there are some limitations related to the use of the hospitalization dataset for such analysis, which have been discussed elsewhere (Chau et al., 2011) . Furthermore, other factors such as medical history, individual lifestyle and work-related stress that may have contributed to the incidence and case-fatality patterns were not included as these factors were not available. Further studies are needed to investigate the mechanism and relative importance of these factors in contributing to the spatial variations.
This study demonstrates recent spatio-temporal variations in hemorrhagic and ischemic strokes incidence and case-fatality in Hong Kong, where casefatality and incidence of ischemic stroke were found to decrease, while the incidence of hemorrhagic stroke increased. Variations in incidence and case-fatality could not be explained by variations in service provisions at service cluster level, although variations in hemorrhagic stroke case-fatality and ischemic stroke incidence at district level could be partly explained by SES. The study identified one district with increased risk for both incidence and case-fatality, suggesting that preventive measures should be strengthened in that district. Further studies are needed to identify contributory factors to geographical variations other than SES.
